Rhodomicrobium vannielii is a morphologically unusual photosynthetic bacterium which divides by budding, that is, by the unequal partition of cellular material during cell division (5, 12) . Growth of a thin stalk is initiated at the pole of an ovoid cell. After elongation of the slender stalk, development of a small knoblike bud occurs at the distal tip of the stalk. The bud cell matures, and the developmental cycle repeats with the outgrowth from it of another stalk.
To date, no reports have appeared concerning the effects of light on the growth and ultrastructure of Rhodomicrobium. Physiologically, the organism resembles the nonsulfur purple eubacteria, Rhodospirillum and Rhodopseudomonas. The response to light by these latter organisms has been reported (2, 7, 11) . In general, the differential rate of bacteriochlorophyll (BChl) synthesis and the specific BChl content of these organisms were found to vary inversely as a function of the light intensity at which these bacteria were grown. The growth rate was increased with an increase in light, approaching a maximal rate at some moderately high light intensity. A much greater amount of intracellular membrane material-the photosynthetic apparatus-appeared at low light levels than at higher light intensities (6, 7) .
In the present report, we describe growth conditions suitable for controlled quantitative studies with Rhodomicrobium and, using these growth conditions, we have determined some details of the response of this organism to light.
MATERIALS AND METHODS
Organism. The strain of R. vanniielii used was isolated in pure culture from San Francisco Bay black mud by the method of Duchow and Douglas (5) . It appeared as secondary growth in a primary enrichment for Athiorhodaceae, with acetate as the carbon source. Sodium lactate was substituted for acetate during purification and for subsequent maintenance. This culture, ICPB-2859, has been deposited in the International Collection of Phytopathogenic Bacteria maintained in this department.
Medium. A growth medium was developed, based upon that of Duchow and Douglas (5) , but including the changes suggested by Morita and Conti (9) and Conti and Hirsch (3) , in which Rhodomicrobium could grow under controlled, nonstatic conditions. This medium contained: (NH4)2SO4, 0.15%; KH2PO4, 0.3%; NaCl, 0.2%; MgSO4,7H2O, 0.02%; Difco yeast extract, 0.1%; sodium bicarbonate, 0.05%; and sodium lactate, 0.18%. The salts solution was brought to pH 7.2 with 10 N NaOH, the yeast extract was added, and the solution was sterilized by autoclaving. The lactate and bicarbonate were sterilized by filtration and were added separately to the cooled saltsyeast extract solution. The medium for maintaining stock cultures contained, in addition, 0.01% Na2S* 9H20. All solutions were prepared in distilled water.
Growth conditions. Experimental cultures were grown in large test tubes (6.5 by 30.0 cm) in a constant-temperature water bath maintained at 34 C. Agitation and anaerobiosis were achieved by bubbling 100% N2 (oil-pumped) through a magnetically stirred 1699 (8) , after sample digestion in 0.1 N NaOH for 24 hr at room temperature. Crystalline bovine serum albumin, A grade (Pentex Inc., Kankakee, Ill.), was used as the standard.
BChl content was followed qualitatively by the two-wavelength spectrophotometric method described by Holt and Marr (7), replacing ODs8o by OD870, the in vivo BChl absorption maximum for Rhodomicrobium. Quantitative BChl estimates were made by reading the absorption at 775 m,I of samples extracted by acetone-methanol (2) .
Samples of 50 ml (with cell densities equivalent to 15 to 60 jig of protein per ml) were taken at intervals, chilled in an ice bath, and used for protein and BChl determinations. Cells were concentrated in 10-ml conical glass centrifuge tubes in an International Universal model UV centrifuge at 1,400 X g for 20 min. Supernatant fluid was removed by aspiration, leaving a clean, hard pellet in the tip of the centrifuge tube.
The samples used for BChl and protein estimation were washed once with chilled basal salts solution. The resultant pellets were either suspended in 0.1 N NaOH (protein) or were quick-frozen for future use (BChl).
Electron microscopy. Samples for ultrastructure studies were taken from the same cultures as were the samples for BChl and protein at a cell density equivalent to 20 to 30 ,ug of protein per ml of culture; they were placed directly into OS04 (final concentration, 0.2%). The cells were centrifuged immediately at 1,700 X g for 15 min. Fixation was achieved in 1% OS0 for 12 to 20 hr at room temperature in the dark. At this cell density, self-shading effects were not yet apparent, as seen by the constant differential rate of chlorophyll synthesis throughout the experiments.
The Ryter and Kellenberger (10) fixation conditions were used, except that a 1:4 dilution of the Veronalacetate buffer was employed, containing one-half the concentration of CaCI2.
The agar specimen blocks were stained with 0.5% uranyl acetate and then were dehydrated in ethyl alcohol (EtOH) according to the following schedule: 10 min each in 20%, 50%, and 75%; 30 min in 95%; and twice for 60 min in 100% EtOH. The blocks were brought progressively into propylene oxide (PO) by three, graded EtOH-PO mixtures for 30 min each, followed by another 30 min in 100% PO. The PO was diluted (1:1) with a mixture of Epon 812 and Araldite 6005 (3:1). Penetration was allowed for at least 12 hr. Polymerization was carried out at 70 C, usually for 2 to 3 days. Thin sections were cut with a diamond knife on a Porter-Blum model MT2 ultramicrotome and were picked up with 400-mesh, uncoated copper grids. Poststaining was with lead citrate (14) . Specimens were examined in a RCA EMU-3E or -3G electron microscope.
RESULTS
Effects of cultural conditions on growth. Preliminary experiments on the development of suitable cultural conditions were carried out at a high light intensity (2,600 ft-c), under the assumption that Rhodomicrobium would grow faster at high illumination (11) . The final growth environment was chosen because it yielded the shortest doubling times while maintaining normal cell morphologyasjudgedby phase microscopy. Abnormal morphology (forms in which the width of the stalk approximated the width of mature cells) occurred at temperatures above 34 C. The growth rate was maximized within the pH limits of 6.7 to 7.4; the final pH of the medium was 6.9 to 7.1. Carbon dioxide, furnished as bicarbonate, is required for growth (5) . Of interest is the very low concentration of CO2 (0.05% NaHCO3 with 100% N2 gas bubbling) which allowed maximal growth rates and adequate yields. Under these conditions, there was no drastic change in pH as growth proceeded, as did occur when the standard 95% N2-5% CO2 gas mixture was used with any of several concentrations of NaHCO3 tested. The addition of 0.01% Na2S .9H20 (5) did not seem to have any effect on morphology or growth rate, and it was therefore deleted from the experimental growth conditions and retained as a reducing agent only in stock cultures. Effects of light intensity on growth. The effect of light on the differential rate of BChl synthesis is summarized in Table 1 . There was an increase in differential rate of BChl synthesis as the light intensity was lowered; that is, the specific BCh1 content (micrograms of BChl per 25 micrograms of protein) was higher at low light intensities and lower at high light intensities. The data of Table 1 FIG. 4 and 5. Electron micrographs of transverse sections of cells of Rhodomicrobium from cultures growin at 2,600 ft-c. The membranes appear to divide the cell into compartments (C). An apparent forked membrane (B)
is marked in Fig. 5. Fig. 4 , X 86,000; Fig. 5 , X 75,000.
GROWTH AND ULTRASTRUCIURE OF RHODOMICROBIUM also show the effect of light intensity on the specific growth rate (calculated from protein increase); a maximal value of approximately 0.17 hr'-is reached between 100 and 500 ft-c.
Electron microscopy. The light intensity at which the culture was grown had a marked effect on the appearance of the lamellate system. Figure  1 is a longitudinal section through a cell grown at 100 ft-c. The characteristic symmetrical and peripheral arrangement of the lamellae is observed. The membranes are quite often paired (1) . Thus, at 100 ft-c, the cells contained normal appearing lamellae, similar to those which have been reported in other studies (1, 3, 13) .
A very different situation occurs with cells grown at 2,600 ft-c, as is illustrated by Fig. 2 to 5 . At this high light intensity, several aberrant arrangements of the lamellae are seen, and the total amount of lamellar material is reduced. The lamellae are usually no longer arranged symmetrically about the periphery of the cell. Rather, stacking is seen to occur only on one side of the section ( Fig. 2 and 3) . Alternatively, when the stacking in the section appears more symmetrical, the lamellae look abbreviated and seemingly divide the cells into compartments (Fig. 4 and 5, Often, in cells grown at 2,600 ft-c, individual units of the lamellate system are seen to result from inward folds ("I") of the cytoplasmic membrane ("CM"). This situation is hardly ever observed in cells grown at 100 ft-c. In addition, a folding back ("F") of a lamellar unit to form the next adjacent layer often occurs; what appears to be membrane bifurcation ("B") is visible in Fig. 5 . DIscussIoN Effect of cultural conditions. Rhodomicrobium can be grown routinely in nonstatic cultures at low concentrations of C02, with no apparent detrimental effects upon cell morphology. Growth rate, as measured by protein increase, was found to be an exponential function of time and was constant throughout the experiments. However, when the ratio of the differential rate of BChl synthesis to the specific BChl content was calculated, this ratio was less than one at each light intensity. This behavior is indicative of a nonsteady state of growth. The steady-state condition, therefore, was not achieved in the present study; it apparently was defined for Rhodospirillum rubrum (7) .
Under these cultural conditions, there were many motile bud cells (4) or "swarmers," ovoid in shape, which moved in a very characteristic manner. The results described in this study are derived from experiments in which the purity of the culture was beyond question. The unusual morphology and mode of cell division, the characteristic motility of ovoid swarmer cells, and the absence of any ordinary eubacterial cocci, bacilli, or spirilla are sufficient criteria of purity-these checks were carried out routinely with the phase microscope over the entire course of all experiments.
The low concentration of CO2 that supported rapid and extensive growth suggests a limited role for exogenous CO2 in the type of photosynthetic metabolism utilized by Rhodomicrobium under these conditions. Future studies without the addition of yeast extract or NaHCO3 will be undertaken to clarify the involvement of exogenously supplied CO2 and of complex growth factors in the growth of this organism.
Higher temperatures (37 C) produced a noticeably abnormal morphology in which many mature cells had stalks nearly as wide as the cell. Future work, utilizing this reaction, may provide information bearing on regulation of stalk and bud formation.
Effect of light intensity on grawth. Previous investigations (3, 9) have shown that the stalks of Rhodomicrobium have little or no BChl content. Thus, by implication, each new bud cell initiates synthesis of BChl and development of the photosynthetic apparatus at some time early in its development, a situation much different from that in the photosynthetic eubacteria. A complicating factor in any description of the subcellular morphology of this organism is that some apparently mature cells, as judged by size, in thin section contain few, if any, lamellae (3). Table 1 illustrates that the differential rate of BChl synthesis is inversely related to the light intensity at which the culture is grown, as is the specific BChl content. A maximum specific growth rate of 0.17 hr-1 was obtained at approximately 500 ft-c. A further increase in light does not significantly change the specific rate of growth, whereas a decrease to 100 ft-c dramatically reduces the specific growth rate.
The information in Table 1 (Fig. 1) . On the other hand, comparable cells grown at 2,600 ft-c (Fig. 2 to 5) show less total amount of membrane in the lamellate system which, moreover, is often seen distributed asymmetrically in the cell. Adaptation to increased light seems not only to diminish the number of units in the lamellate system, but affects greatly the overall extent of growth and particularly the arrangement of these units in the cell.
Evidence is presented for the existence of continuity between the cytoplasmic membrane and units of the lamellate system. We believe that these infoldings, limited in number, represent the origin of the lamellae, and that additional lamellae are formed by further proliferation, including possible forking and definite foldingback, of the initial inward folds of the cytoplasmic membrane.
